Psoriasis, a chronic autoimmune-related skin disease, involves both immune and non-immune cells like T cells and keratinocytes. This study investigates the regulatory role of T cells-keratinocyte interactions during psoriasis on immune factors production. Cytokines and chemokines were evaluated by multiplex and ELISA assays in an in vitro model of co-culture of keratinocytes with T lymphocytes. Keratinocytes were from psoriatic skin lesions or healthy skin. T lymphocytes were from healthy volunteers. Psoriatic keratinocytes (PKs) alone generated concentrations of tumor necrosis factor (TNF)-a, interleukin (IL)-6, granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-1b, IL-8, monocyte chemotactic protein (MCP)-1, interferon-g-induced protein 10 kDa (IP-10) and vascular endothelial growth factor (VEGF) higher than those produced by healthy keratinocytes (HKs). In contrast, IL-1a and IL-Ra production was reduced in PKs. Normal T cells, which had no effect on HKs, increased the production of TNF-a, IL-6, GM-CSF, IL-8, MCP-1 and IP-10 by PKs, but did not influence PK production of IL-1b, IL-1a, IL-Ra and VEGF. The most striking effects were obtained with PK-and IL-2-stimulated T lymphocytes: most of the above cytokines and chemokines were greatly upregulated, except IL-1b and VEGF that were decreased or unchanged, respectively. In addition, fractalkine was overproduced in this latter condition only. Our results indicate (1) a functional interaction between keratinocytes and T lymphocytes that requires a direct cellular contact, and (2) a reciprocal influence that depends on cytokine and chemokine types. In conclusion, lesional keratinocytes from psoriasis vulgaris alter functions of normal T lymphocytes that conversely modulate these keratinocytes.
Psoriasis vulgaris is a chronic skin disease affecting approximately 2% of the worldwide population. 1 In the past, the disease was thought to originate from a primary disorder in epidermal keratinocytes that led to their hyperproliferation and incomplete maturation. [2] [3] [4] Leukocyte infiltration was only viewed as a secondary event. However, the implication of the immune system as an initiator of the symptoms in psoriasis was slowly recognized in the 1980s when new evidences, such as successful treatment with cyclosporin A, a T-cell immunosuppressant, demonstrated the necessity of immune cells in the development of lesions. 5 The role of immune cells has elegantly been confirmed in SCID mice engrafted with non-lesional skin from patients with psoriasis.
These non-lesional full-thickness skin were converted into psoriatic plaques when mice were injected in the dermis with IL-2-preactivated T lymphocytes from the same patients. 6 Psoriasis is now recognized as one of the most common immune-related disease. 1, 2, 7 Scientific evidences that support a dysregulated immune system in psoriasis have progressively accumulated, such as the presence of augmented concentrations of T and dendritic cells, as well as of clonal T lymphocytes in skin lesions. [8] [9] [10] The clinical benefit of treating psoriatic patients with monoclonal anti-CD4 antibodies, with a chimeric IgG-receptor fragment CTLA-4 fusion protein or with the selective lymphocyte toxin DAB389IL-2, strengthened the implication of T lymphocytes in psoriasis. [10] [11] [12] [13] Interestingly, dermal dendritic cells from psoriatic skin lesions have been shown to drive greatly the cytokine production towards type 1 helper T lymphocyte (Th1) and Th17 cytokines. 14, 15 However, Th17 cells are mainly present in the dermis of psoriasis skin lesions. 16 T lymphocytes from psoriasis lesions have been shown to produce type 1 cytokines like interferon (IFN)-g, IL-2 and TNF-a. 17 In addition, TNF-a-dependent proliferation of resident T lymphocytes in prepsoriatic lesions is required to lead to skin lesions. 18 Moreover, lesional T lymphocytes have the capacity to promote the proliferation of non-involved keratinocytes from psoriasis skin, but not of keratinocytes from the normal skin. [19] [20] [21] These data, which suggested the necessity of altered T lymphocytes and keratinocytes to lead to psoriasis lesions, have been corroborated by studies with K5.Stat3C transgenic mice whose keratinocytes constitutively expressed active Stat3, required the presence of activated T cells in their skin to develop psoriasis lesions. 22 A corollary of these complex interactions between psoriatic keratinocytes (PKs) and lesional T lymphocytes is the massive production of factors like cytokines and chemokines responsible for cellular proliferation and activation, attraction of circulating leukocytes into the skin, neo-angiogenesis and inflammation. 1, 23, 24 However, if psoriasis is not definitively considered as a real autoimmune disease, it is undoubtedly an autoimmune-related disease where immunocytes (T lymphocytes, dendritic cells, macrophages, neutrophils) and keratinocytes are the major players. 1, 23 Certain cytokines and chemokines are uniquely produced by keratinocytes or T lymphocytes, and others are generated by both cell types. In addition, in vitro studies reported that normal or lesional T lymphocytes have to be preactivated to produce cytokines in response to PKs. 6, 25 Considering the vast network of cytokines and chemokines presently known, we hypothesized that (1) the required condition of preactivated T lymphocytes to generate such factors is restricted to certain products only, and (2) the interaction between keratinocytes and T lymphocytes is not restricted to lesional cells. To answer these issues in terms of psoriasis pathogenesis, we used part of a new in vitro psoriatic skin model 26 and the versatile multiplex assay to investigate the possible abnormal crosstalk between PKs and normal pure T lymphocytes with or without the presence of IL-2.
MATERIALS AND METHODS

Isolation of Keratinocytes
The institutional review board of the Université Laval approved the study, and volunteers signed a consent form in accordance with the Declaration of Helsinki. Skin biopsies were obtained from three patients with chronic plaques of psoriasis vulgaris and from two healthy subjects that required reductive breast surgery. Patients with psoriasis were three women aged of 35, 46 and 65 years. Skin lesions corresponded to 40, 15 and 15% of body surface, respectively. Two patients received oral methotrexate, and one patient was treated with topical creams. Tissues were harvested, as described previously. 27 Briefly, skin tissues were treated with thermolysin that digests the dermoepidermal junction to separate efficiently the dermis from the epidermis. The epidermis was then treated with trypsin to obtain a cell suspension containing all the basal layer of keratinocytes. These extracted cells were frozen at À150 1C for further use from passages 0 to 3.
Preparation of T Lymphocytes
All steps of preparation using human venous blood from healthy donors were performed under sterile conditions at room temperature. Anticoagulated blood was layered over Ficoll-Paque cushions and centrifuged at 400 g for 20 min, according to our previous report. 28 The mononuclear leukocyte fraction was collected at the interface, and was washed and resuspended in a-MEM þ 10% FBS. Mononuclear leukocytes (5 Â 10 6 cells per ml) were then subjected to adherence on plastic Petri dishes. To remove completely monocytes from mononuclear leukocytes, three successive periods of adherence (1 h, 2 h and overnight, 37 1C) were performed before collecting non-adherent cells for the experiments. Differential cell counts of leukocytes were carried out by cytofluorometry (flow cytometer EPICS-XL; Beckman Coulter, Miami, FL, USA) using forward-angle and right-angle light scatter criteria and specific FITC-conjugated monoclonal anti-CD3 antibody (pan-T lymphocytes), and by nonspecific esterase staining (monocytes). The non-adherent fraction represented 98-99% CD3 þ cells, and monocyte contamination was o0.1%.
Culture of Keratinocytes and Lymphocytes
Cells were resuspended and cultured in Dulbecco/Vogt modified Eagle's minimal essential medium (DMEM) with Ham's F12 (ratio DMEM/F12:3/1) supplemented with 5% HyClone FetalClone II (Fisher Scientific, part of Thermo Fisher Scientific, Ottawa, ON, Canada), 5 mg/ml insulin (Sigma-Aldrich Canada, Oakville, ON, Canada), 0.4 mg/ml hydrocortisone (Cedarlane, Burlington, ON, Canada), 10 À10 M cholera toxin (ICN Biochemicals, Montréal, QC, Canada), 10 ng/ml human epidermal growth factor (Austral Biologicals, San Ramon, CA, USA), 100 UI/ml penicillin (Sigma-Aldrich) and 25 mg/ml gentamicin (Schering Canada, Pointe-Claire, QC, Canada). Keratinocytes (passage 3) were seeded in the culture medium at a density of 1. T lymphocytes in 6-well culture plates (2 ml per well). Healthy keratinocytes (HKs) or PKs, and T lymphocytes were also evaluated alone, and with 30 U/ml of recombinant human IL-2 (R&D Systems, Burlington, ON, Canada). Cells were cultured for 13 days at 37 1C in an 8% CO 2 air atmosphere and 1 ml medium per well was removed to add fresh medium three times a week. In these experimental conditions, we previously showed that PKs were significantly more efficient than HKs to enhance T lymphocyte survival. 29 In experiments devoted to the role of direct contact between keratinocytes and T lymphocytes, culture conditions of cells were similar as above, except that T lymphocytes were placed on top of BD Falcon cell culture inserts for 6-well plates (0.4 mm, translucent PET (polyethylene terephthalate) membrane; BD Biosciences, Mississauga, ON, Canada), and wells were filled up with 4.2 ml culture medium. Supernatants were collected at day 13 and frozen at À80 1C until assayed for cytokines/chemokines.
Confocal Microscopy
To assess the contact zones of lymphocytes adherent to keratinocytes, confluent PKs were washed twice with HBSS and stained with 2 mM CMTMR (30 min, 37 1C). Lymphocytes (10 Â 10 6 /ml), previously stained with 4 mM PKH-67 green fluorescent cell linker (2 min, room temperature), were added to PK in culture with 30 U/ml IL-2 and incubated for 120 min at 37 1C in a CO 2 incubator. Cells were then washed three times (5 min in PBS) and observed with an Olympus Fluoview 300 confocal microscope using Argon-ion (488 nm) and Helium-neon (543 nm) lasers. Then, 117 slices of 0.3 mm were scanned (magnification, Â 600, plan Apo, NA 1.4 with a Kalman filter 3) to reconstitute z plans.
Evaluation of Cytokines/Chemokines
Measurement of cytokines and chemokines was initially performed by using a multiplex assay (simultaneous analysis of IL-1b, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-12p40, IL-15, IL-17, MCP-1, granulocyte-macrophage colony-stimulating factor (GM-CSF), FGF-2, eotaxin, sCD40L, fractalkine, sIL2Ra, TNF-a, IFN-g, interferon-g-induced protein 10 kDa (IP-10) and vascular endothelial growth factor (VEGF)) and completed by ELISAs for certain analytes (IL-1Ra, IL-1a, IL-8, MCP-1, IFN-g, IP-10, IL-6, fractalkine and VEGF). The multiplex assay (Human Cytokine/Chemokine Panel) that used the Luminex xMAP technology (Luminex Molecular Diagnostics, Toronto, ON, Canada) was carried out in 96-well plates according to Millipore's protocol (Millipore, Billerica, MA, USA). Analysis was made using the LiquiChip Analyzer Software (Qiagen, Mississauga, ON, Canada). IL-Ra was measured using an ELISA kit purchased from R&D Systems (Minneapolis, MN, USA). The IL-1Ra detection limit was 39 pg/ml, with no crossreactivities with IL-1b, IL-1a and sIL-1RII. IL-1a was measured by an ELISA (detection limit of 3.0 pg/ml) from Cayman Chemical (Ann Arbor, MI, USA). IL-8 was quantified by using an ELISA kit (detection limit of 12.5 pg/ml) from Biosource International (Camarillo, CA, USA). MCP-1, IFN-g and IL-6 were evaluated by ELISA kits purchased from eBioscience (San Diego, CA, USA) with detection limits of 7, 4 and 2 pg/ml, respectively. Fractalkine and VEGF were measured with ELISA kits (detection limit of 39 and 30 pg/ml, respectively) from R&D Systems. All measurements were performed in duplicate.
Statistical Analysis
Results are expressed as means ± s.e.m. Analyses were performed with Prism 4 (GraphPad Software, San Diego, CA, USA). Comparisons between two groups were analyzed by paired or unpaired t-tests. Significance was set at Po0.05.
RESULTS
PKs Cooperate with Normal T Cells to Overproduce Pro-Inflammatory Cytokines
PKs have an altered production of various cytokines. 1, 30 To evaluate the basal output of cytokines by keratinocytes, they were first cultured as monolayers without the addition of lymphocytes. Interestingly, the production of TNF-a, IL-6 and GM-CSF by PKs was significantly more elevated than Keratinocytes (K) were cultured in DMEM/F12+5% FetalClone II to evaluate the accumulation of cytokines/chemokines in supernatants after 13 days. The analytes TNF-a, IFN-g, IP-10, IL-6, MCP-1, IL-1b, GM-CSF, IL-15, sIL-2Ra and fractalkine were evaluated by using the Luminex xMAP technology, and IL-1a, IL-1Ra and IL-8 were measured by using EIA kits. In the ratio IL-1Ra/IL-1, IL-1 represents the sum of IL-1a+IL-1b.
*
Results are expressed as means ± s.e.m. in pg/ml per million of healthy (HKs, n ¼ 8) and psoriatic keratinocytes (PKs, n ¼ 9). Statistical analysis (two-tailed t-test, HKs vs PKs).
T cell-keratinocyte crosstalk in psoriasis G Martin et al Figure 1 Visualization of cellular contact between psoriatic keratinocytes and normal T lymphocytes. Confluent psoriatic keratinocytes (PKs) previously stained with CMTMR were incubated for 120 min at 37 1C in a CO 2 incubator with 30 U/ml interleukin (IL)-2 and lymphocytes prelabeled with PKH-67 Green Fluorescent Cell Linker (2 min at room temperature). Cells were then washed and visualized by confocal microscopy (magnification Â 600, plan Apo, NA 1.4 with a Kalman filter 3). Then, 117 slices of 0.3 mm were scanned to reconstitute z plans.
(1) Stacking view and (2) z plan of X axis.
T cell-keratinocyte crosstalk in psoriasis G Martin et al that of HKs. PKs generated 6.7, 6.2 and 9.2 times more of these cytokines, respectively, than their healthy counterparts. Both types of keratinocytes produce no IFN-g, no IL-17, no sIL-2Ra, and their IL-15 generation was similar ( Table 1) . The other cytokines studied, IL-4, -10, -12p70, -12p40, FGF-2 and sCD40L, were undetectable. The addition of IL-2, a powerful stimulator of T cells, to HKs or PKs did not alter their production of cytokines and chemokines (data not shown), indicating that HKs and PKs had no specific receptors expressed at their surface to respond to IL-2. As T lymphocytes adhere to keratinocytes, 31 we first verified that T lymphocytes added to keratinocytes generated through our in vitro psoriatic skin model can efficiently bind to these keratinocytes. After 2 h of co-incubation, normal T lymphocytes greatly adhere to PKs and the lymphocyte membrane in contact with keratinocytes showed local concentration of the fluorescent dye PKH67 (Figure 1 ). T lymphocytes incubated with IL-2 generated low amounts of TNF-a, IFN-g, IL-6 and GM-CSF ( Table 2 ). The addition of T lymphocytes to HK did not modify their cytokine production (Figures 2a, c and e). In contrast, PKs cultured with T lymphocytes, compared with PKs cultured alone, increased their production of TNF-a, IL-6 and GM-CSF by 2.3-, 2-and 3.4-fold, respectively (Table 3) . PKs with T lymphocytes, in comparison to HKs with T lymphocytes, produced 10.9, 9.4 and 22.9 times more TNF-a, IL-6 and GM-CSF, respectively (Table 3) . IFN-g remained undetectable.
The most striking effects on both keratinocyte types were obtained with the addition of IL-2-activated T lymphocytes. PKs cultured with IL-2-activated T lymphocytes generated TNF-a, IL-6 and GM-CSF 6.7, 5.2 and 6.3 times more than PK alone, respectively (Figure 2) . Interestingly, HKs were also affected by the presence of IL-2-activated T lymphocytes. Comparatively with HKs alone, they increased their production of TNF-a, IL-6 and GM-CSF by a fold of 5, 15 and 21.5, respectively (Figure 2 ). However, their basal output of these cytokines was much more lower than those of PKs ( Table 1 ). The amounts of IFN-g, a cytokine generated by T lymphocytes only (Tables 1 and 2 ), seemed more elevated in supernatants of PKs and HKs co-cultured with IL-2-activated T lymphocytes than in IL-2-activated T lymphocytes alone. These data, however, were not shown as normalization of IFN-g concentrations with respect to lymphocyte numbers was not possible adequately because of the prolonged periods of co-cultures. In addition, IL-4, IL-10 and sCD40L were detected in supernatants of IL-2-activated T lymphocytes only, and were not affected by PKs or HKs (data not shown).
PKs have an Altered Production of IL-1s and IL-1Ra Modulated by IL-2-Activated T Lymphocytes Since the 1990s, the exact expression pattern by PKs of major inflammatory mediators like the IL-1 members remains a controversial issue. [32] [33] [34] [35] [36] [37] Interestingly, IL-1a, IL-1b and IL-1Ra produced by HKs and PKs were differentially regulated with respect to the above proinflammatory cytokines. IL-1a and IL-1Ra measured in the supernatants of PKs were reduced comparatively to HKs (PK/HK ¼ 0.5 and 0.2, respectively), while IL-1b was increased by a factor of 7.7. As a consequence, the ratio of IL-1Ra/IL-1s (PKs vs HKs) that reflects the anti-inflammatory potential of IL-1Ra was reduced ( Table 1 ). The IL-1 response of keratinocytes to the presence of T lymphocytes was also different from that for the above cytokines. T lymphocytes without IL-2 were unable to influence IL-1a, IL-1b and IL-1Ra produced by HKs and PKs, as well as the ratio IL-1Ra/IL-1s (Figures 3a, c  and 4a, c) . The most surprising effects were obtained with IL-2-activated T lymphocytes, the sole condition that was able to modulate HK and PK production of IL-1s. Thus, HK and PK production of IL-1a was upregulated in the presence of IL-2-activated T lymphocytes by a factor of 1.7 and 6.8, respectively. IL-1b and IL-1Ra production by HKs remained unchanged by the presence of IL-2-activated T lymphocytes (Figures 3b and 4b) . PK production of IL-1b in the presence of IL-2-activated T lymphocytes was not /ml) were cultured in DMEM/F12+5% FetalClone II to evaluate the accumulation of cytokines/chemokines in supernatants after 13 days. The analytes TNF-a, IFN-g, IP-10, IL-6, MCP-1, IL-1b, GM-CSF, IL-15, sIL-2Ra and fractalkine were evaluated by using the Luminex xMAP technology, and IL-1a, IL-1Ra and IL-8 were measured by using EIA kits. In the ratio IL-1Ra/IL-1, IL-1 represents the sum of IL-1a+IL-1b.
Results are expressed as means ± s.e.m. in pg/ml per million of healthy T lymphocytes (n ¼ 8). Statistical analysis (two-tailed t-test, alone vs +IL-2).
T cell-keratinocyte crosstalk in psoriasis G Martin et al modified, while that of IL-1Ra was increased by a factor of 2.5 (Figures 3d and 4b) . However, the PK IL-1Ra/IL-1 ratio was not changed by the presence of IL-2-activated T lymphocytes (Figure 4d ).
IL-2-Activated T Lymphocytes Drastically Increased the Production of Chemokines by PKs
In parallel to cytokines that allow intercellular communications, multiple chemokines that regulate cell movements are essential components of the pathogenesis of psoriasis plaques. 23, 24 PKs produced IL-8 (CXCL8), MCP-1 (CCL2) and IP-10 (CXCL10) to an extent greater than did HKs by a factor of 3.9, 2.6 and 10.1, respectively. On the other hand, fractalkine (CX3CL1) was similarly produced by both types of keratinocytes (Table 1) . Eotaxin (CCL11) was under the detection limit in all the conditions studied (data not shown). Interestingly, the presence of T lymphocytes in cultures of PKs was associated with an increase of IL-8, MCP-1 and IP-10 by a factor of 1.9, 19 and 4.1, respectively (Table 3) . In contrast, HK co-incubated with T lymphocytes had no increase of IL-8, IP-10 and fractalkine (Figures 5a and 6a, c) . The presence of T lymphocytes tended to increase the production of MCP-1 by HKs (Figure 5c ).
Once again, the most striking effects were recorded with IL-2-activated T lymphocytes (Figures 5b, d and 6b, d ). In these conditions (vs PKs alone), PKs increased their production of IL-8, MCP-1 and IP-10 by a factor of 2.9, 52 and 36.2, respectively. Similarly, HKs, which had a basal output of these chemokines lower than that of PKs, also augmented their production of IL-8, MCP-1 and IP-10 ( Â 3.1, Â 138 and Â 64.6, respectively). The most intriguing result was obtained with fractalkine, which was greatly overproduced ( Â 32.5) by PKs with IL-2-activated T lymphocytes only (Figure 6d ). ) in the presence of vehicle (a, c, e) or recombinant human (rh)IL-2 (b, d, f) for 13 days at 37 1C. Supernatants were collected at day 13 and frozen until assayed for TNF-a (a, b), IL-6 (c, d) and GM-CSF (e, f) by multiplex assay (TNF-a, GM-CSF) and enzyme-linked immunosorbent assay (ELISA) (IL-6). Results are expressed as mean±s.e.m. per 10 6 keratinocytes. Statistics: unpaired t-test (lymphocytes: n ¼ 9; PKs: n ¼ 3; HKs: n ¼ 2).
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VEGF Is Produced by Keratinocytes Independently of IL-2-Activated T Lymphocytes
Increased expression of VEGF in lesional psoriatic skin, its overexpression by PKs and its link with disease severity have been documented. [38] [39] [40] In the present experimental conditions, both keratinocyte types showed a high basal output of VEGF. Although PKs seemed to generate VEGF to an extent greater than that of HKs (12 750 ± 2362 and 9756 ± 1110 pg/ml per 10 6 cells, respectively), the difference was not however significant (Figure 7a) . Surprisingly, T lymphocytes with or without IL-2 activation did not affect VEGF produced by PKs and HKs (Figures 7a and b) .
The Crosstalk Between Keratinocytes and T Cells Requires Cell-to-Cell Interactions
Cytokines and chemokines from lymphocytes have the capacity of stimulating keratinocytes. 41, 42 In addition, activation of keratinocytes like that of PKs promotes the adherence of allogenic and autologous T lymphocytes to these keratinocytes. 31, 43, 44 However, the possible functional role of direct contact between keratinocytes and lymphocytes has never been addressed. Coculture of keratinocytes with T lymphocytes was designed to avoid cell-to-cell contact by placing lymphocytes on top of porous membranes. Interestingly, the absence of direct cellular contact was associated with a significant reduction of cytokine and chemokine production. By avoiding direct cellular contact, PK production of cytokines and chemokines in the presence of IL-2-activated T lymphocytes was decreased (Figure 8) . The most striking reduction of production in the absence of cell contact was obtained for TNF-a, IL-6, GM-CSF, IL-1a, MCP-1, IP-10 and fractalkine. These results indicate that, to be optimally functional, interactions between PKs and T lymphocytes absolutely require a direct cell contact.
DISCUSSION
The abnormalities leading to psoriasis development remains controversial; however, the crosstalk between cells of the epidermis, the keratinocytes, and T lymphocytes represents a necessary step during the course of the disease, 45 and consequently a potential therapeutic target that has been confirmed by the efficacy of various biologics. 46 As allogenic T lymphocytes can bind to keratinocytes, 44 we addressed the possible reciprocal crosstalk of PKs with normal allogenic T lymphocytes by using a model of psoriatic skin we recently set up and that allowed to show that PKs, more than HKs, increased the survival of normal T lymphocytes. 26, 29 Moreover, experiments with normal T lymphocytes has the advantage of simplifying the interpretation about the role of PKs. Our findings support the hypothesis that our model has the capacity of showing alterations of the intercellular communications between keratinocytes and normal allogenic T lymphocytes. Thus, PKs more than HKs were functionally affected by T lymphocytes, mainly in the presence of IL-2-activated lymphocytes. To obtain optimal functions during cell crosstalk, a direct cell contact between both cell types was a prerequisite condition.
A major issue in setting up a new in vitro model for pharmacology studies is to validate this model compared to the in vivo situation and previous experimental results published. As a first result from the present report, the culture conditions of keratinocytes have allowed to show significant differences of cytokine and chemokine expression between PKs and HKs, PKs being more productive than HKs for TNF-a, IL-6, GM-CSF, IL-1b, IL-8, MCP-1 and IP-10. These results are in agreement with different reports in the literature. 1, 24, 30 Concerning fractalkine and VEGF that were also found elevated in PKs, the nonsignificant difference with ND, non-detectable; NC, no change.
Keratinocytes (K) were cultured in DMEM/F12+5% FetalClone II to evaluate the accumulation of cytokines/chemokines in supernatants after 13 days. The analytes TNF-a, IFN-g, IP-10, IL-6, MCP-1, IL-1b, GM-CSF, IL-15, sIL-2Ra and fractalkine were evaluated by using the Luminex xMAP technology, and IL-1a, IL-1Ra and IL-8 were measured by using EIA kits. In the ratio IL-1Ra/IL-1, IL-1 represents the sum of IL-1a+IL-1b.
*
Results are expressed as means±s.e.m. in pg/ml per million of healthy (HKs, n ¼ 8) and psoriatic keratinocytes (PKs, n ¼ 9) co-cultured with T cells in the absence of IL-2. Statistical analysis (two-tailed t-test, HK+T cells vs PK+T cells). a *P ¼ 0.006.
HKs could be related to the low number of PKs studied. Interestingly, we also showed that PKs produced less IL-1a and more IL-1b than HKs, as reported previously.
33,47 IL1-Ra produced by PKs was decreased compared with HKs, a result that is different from previous reports. 48, 49 However, we evaluated the extracellular production of IL-1Ra only T cell-keratinocyte crosstalk in psoriasis G Martin et al that was not necessarily representative of this cytokine mainly stocked inside the cell. 50 A second more important result was the reciprocal impact of keratinocytes and T lymphocytes on cytokines and chemokines. The confocal visualization of concentrated dye located in the section of lymphocyte membrane directly adherent to PKs allowed to consider functional cell interactions. In fact, independent of the major impact of IL-2-activated T lymphocytes on T cell-keratinocyte crosstalk in psoriasis G Martin et al PKs, as reported previously, 6 ,25 the present model showed that non-activated T lymphocytes had the capacity to affect PKs as well as HKs depending on the cytokines or chemokines studied. Finally, the necessity of a direct contact between PKs and T lymphocytes to obtain an optimal profile of cytokine and chemokine production was demonstrated for the first time that confirms the usefulness of our experimental model.
Interestingly, the prerequisite condition of a direct cell contact to obtain functional interactions between keratinocytes and IL-2-activated T lymphocytes raises the importance of T lymphocyte penetration across the keratinocyte layers that lead to psoriasis skin lesions. Migration of lymphocytes through tightly connected keratinocytes is associated with disruption of desmosomes, 51 which is an early event in psoriasis, 52 and which implies direct contact between migrating lymphocytes and keratinocytes. In addition, T lymphocyte migration into the psoriatic epidermis implicates adhesion molecules like LFA-1 and ICAM-1, respectively, expressed by these two cell types. 43, 53 Thus, our results of direct cell contact requirement for a functional cell crosstalk is in agreement with the histopathology of psoriasis. It is also useful to point out that our results also indicate the capacity and the importance of PKs to activate normal T lymphocytes.
Fractalkine has been reported to be greatly found in psoriasis lesions and overproduced by antigen-presenting cells as well as keratinocytes. [54] [55] [56] However, no indication was available on the role of lymphocytes, which do not produce this chemokine, in driving keratinocytes to generate fractalkine. The basal output of fractalkine produced by PKs, although more elevated than that produced by HKs, remained very low even in the presence of T lymphocytes. However, the production of fractalkine by PKs in the presence of IL-2-activated T lymphocytes was drastically increased (by a factor of 32), a condition that required absolutely a direct contact between both cell types. Considering the pathophysiology of psoriasis, this result highlights the role of lesional PKs, but mainly that of activated lymphocytes.
The dermis of psoriasis skin lesions was shown to be the major source of Th17 cells, as well as of myeloid dermal dendritic cells that drive lymphocytes to Th1/Th17 cells, an effect that was not found with normal dermal dendritic cells. 15, 16 These published results could be essential in relation to our present findings of the absence of detectable IL-17 in IL-2-activated T lymphocytes, even in the presence of PKs (Tables 2 and 3) , that indicate a major pathogenic role of Th1/ Th17 lymphocytes from the dermis of psoriasis skin lesions. Interestingly, psoriatic dermal dendritic cells have also been shown to be the main source of IL-23, which is responsible for the expansion of Th17 cells. 57, 58 Recently, another T-cell subset independent of Th1, Th2 and Th17 cells, the Th22 lymphocytes, have been found in the epidermis of psoriasis skin lesions, and were shown to induce a specific activation of keratinocytes. 59 It is also worth noting that Th1, Th17 and Th22 lymphocytes were found elevated in the blood of patients with psoriasis, and that mast cells and neutrophils of psoriasis skin lesions were reported as providers of IL-17. 60, 61 Taken together, these results open interesting experimental avenues for further functional studies using our model of keratinocyte interactions with the different subsets of T cells, mast cells and neutrophils from patients with psoriasis.
Keratinocytes can produce angiogenic factors, notably VEGF that affects greatly the endothelium; 62 however, keratinocytes in the presence of various cytokines did not increase their production of VEGF. Interestingly, we found that PKs and HKs both produced large amounts of VEGF, but did not respond to the presence of T lymphocytes with or without IL-2 activation. Before extrapolating these results to the absence of a relation between lymphocyte and VEGF production by keratinocytes, it remains necessary to test the effects of psoriatic lymphocytes in the same experimental conditions. However, considering our present overall results on the selective involvement of T lymphocytes in responding to and T cell-keratinocyte crosstalk in psoriasis G Martin et al in stimulating the keratinocytes to produce certain factors, it will be greatly possible that VEGF from keratinocytes escapes regulation by lymphocytes.
In conclusion, by using the present in vitro model, the addition of different cell types that constitute the in vivo conditions allows to validate the respective role of keratinocytes and T lymphocytes. It will also permit to decipher the mechanisms of cell interactions and future studies of their modulation by drugs.
